Environmental exposure to lead (Pb) is known to affect the developing nervous system causing cognitive de cits in children. The diffusible nitric oxide (NO) is a biological messenger known to be involved in brain development. We examined the developmental changes of neuronal nitric oxide synthase (nNOS) in cerebellum and hippocampus of developing rat brain by radiometric assay, Western blot analysis and immunohistochemistry. Pb-exposure (0.2% Pb acetate) was initiated on gestation day 6 through the drinking water of the dam and continued through birth and postnatal days (PNDs) 1 to 21. The pups were never exposed to Pb directly. Pb exposure was stopped on weaning of pups from mothers on PND 21. The changes in nNOS were measured in the offspring on PNDs 7, 14, 21, and 35. The nNOS activity was increased gradually from PNDs 7 to 35 in both cerebellum and hippocampus of control rats when the enzyme activity was determined in the presence of either 0.5 or 6 M calcium (Ca 2+ ) in the reaction mixture. However, Pb exposure decreased the nNOS activity signi cantly at PNDs 21 to 35 as compared to respective controls when the enzyme activity was determined in the presence of 6 M Ca 2+ . The decrease of nNOS was even greater and evident at all PNDs tested when the enzyme activity was assayed in the presence of physiological concentration of Ca 2+ (0.5 M). These ndings were further strengthened by the in vitro studies. The cerebellar nNOS activity was inhibited much more at low Ca 2+ (0.5 M) as compared to 6 M Ca 2+ , with IC 50 values of 35 and 50 nM Pb, respectively. The nNOS protein levels and immunoreactivity in the cerebellum and hippocampus of rats perinatally exposed to Pb were decreased as compared to controls at PNDs 21 and 35. These data suggest perinatal Pb exposure decreases the nNOS in the developing brain. The decrease of nNOS activity and protein may explain the Pbmediated cognitive de cits because NO regulates long-term poten-tiation (LTP) and other neurophysiological events in the developing nervous system.
Environmental exposure to lead (Pb) is known to produce behavioral, physiological, and biochemical de ciencies in humans (Verity 1990; Silbergeld 1992) . Chronic low-level Pb exposure results in growth retardation, intellectual impairment, and hyperactivity (Silbergeld and Goldberg 1974; Shih and Hanin 1978) . Furthermore, neuronal manifestations are part of the serious consequences of Pb toxicity, especially in children (Petit 1986; McMichael et al. 1988; Quinn and Harris 1995) . Pb disrupts the normal development of the brain, causing reductions in cellular development in the cerebellum (Press 1977) , cerebral cortex (Petit and LeBoutillier 1979) and hippocampus (Regan 1989) . Many of the neurotoxic effects of Pb appear to be related to the ability of this metal to mimic or, in some cases, to inhibit the actions of Ca 2C as a regulator of cell function (Haberman, Crowell, and Janicki 1983; Bressler and Goldstein 1991) . Although Ca 2C -dependent protein kinases have received the most attention (Markovac and Goldstein 1988; Long, Rosen, and Schanne 1994; Rajanna et al. 1995; Reinholz, Bertics, and Miletic 1997) , additional research needs to focus on other Ca 2Cdependent enzymes such as nitric oxide synthase (NOS) .
It has been shown by several laboratories in recent years that nitric oxide (NO) is a retrograde messenger mediating longterm potentiation (LTP) in the hippocampus (Haley, Wilcox, and Chapman 1992; Zhuo et al. 1993 ) and a similar process in the rat cerebellum called long-term synaptic depression (LTD) in rats (Shibuki and Okada 1991) . NO also plays a role in other events of neuronal plasticity that are involved in early brain development (Bredt and Snyder 1990; Schilling, Schmidt, and Baader 1994) . Neuronal nitric oxide synthase (nNOS) is a Ca 2C /calmodulin-dependent enzyme and catalyzes the formation of NO and citrulline from L-arginine in a reaction requiring molecular oxygen and NADPH. The cerebellum has the highest NOS activity among brain regions. The granule cells are a substantial source of cerebellar NOS (Bredt et al. 1991) . The cerebellum and hippocampus appear to be more vulnerable to Pb toxicity (Petit and Alfano 1979) . Neuronal NOS was shown to be inhibited in rat cerebellum in vitro by Pb (Joshi and Desaiah 1994; Quinn and Harris 1995) . Pb was shown to be inhibitory to NOS in murine brain endothelial cells in culture (Blazka, Harry, and Luster 1994) . However, contrary to the above in vitro studies, the in vivo exposure studies resulted either in no effect on nNOS in rat brain (Kala, Hawkins, and Jadhav 1996) or inhibition in mouse brain (Garcia-Arenas et al. 1999 ) and in rat brain regions (Chen et al. 2000) . All these studies, however, did not take into consideration Pb developmental neurotoxicity because they used adult brain tissues.
Thus, considering the effects of Pb on Ca 2C /calmodulinregulated proteins, the importance of NO as a neuronal messenger, and due to con icting data reported in literature on the effects of Pb on NOS, the present studies were initiated to investigate whether perinatal Pb exposure would alter nNOS expression and activity in the hippocampus and cerebellum of developing rat brain. Further, we investigated the role of Ca 2C on Pb effects on NOS activity both in vivo and in vitro.
MATERIALS AND METHODS

Chemicals
Chemicals used in this study were obtained from Sigma (St Louis, Mo), with the exceptions of: NOS Detection Assay Kit (Stratagene, La Jolla, CA), Bicinchoninic Acid (BCA) and Super Signal Chemiluminescent Substrate (Pierce Chemical, Rockford, IL), nNOS antibody (Alexis, San Diego, CA), secondary antibody rabbit IgG, and [ 3 H]-L-arginine (49.0 Ci/mmol) (Amersham Pharmacia Biotech, Piscataway, NJ), Vectastain Elite-ABC (Vector Laboratories, Burlingame, CA) and Permount (Fischer Scienti c, Pittsburgh, PA).
Animal Exposure
Timed-pregnant Sprague-Dawley rats were obtained from Harlan Sprague-Dawley, Indiana. Forty-eight hours after receiving the animals, Pb exposure was initiated on gestation day 6 (GD6) with the addition of 0.2% Pb acetate to deionized drinking water of the dam. Pb exposure dose was obtained from published work (Zawia and Harry 1995; Zawia et al. 1998 ). Twenty-four hours following birth, postnatal day 1 (PND 1), all pups were pooled and new litters consisting of eight males were randomly selected and placed with each dam. Pb exposure was continued through PND 21 and stopped at weaning. Control animals received only deionized water without Pb. Pups were never directly exposed to Pb. Food and water were freely available to all the animals throughout the study. The animals were individually housed at constant temperature (20 ± § 2 ± C) and relative humidity (60% § 10%) with a 12-hour light/dark cycle. Animals were decapitated on PNDs 7, 14, 21, and 35. The cerebellum and hippocampal regions of the brain were isolated on ice and used for NOS activity and Western blot studies. Cerebellar tissue from 35-day-old normal rats was used to determine the in vitro effect of Pb on NOS activity. After weaning the pups on PND 21, the mothers were euthanized under deep ether anesthesia and discarded properly.
Radiometric Assay of NOS
The nNOS activity in the cerebellum and hippopcampus was measured using the NOS Detection Assay Kit as described by Bredt and Snyder (1990) . The tissues were homogenized in 10 volumes of homogenizing buffer (25 mM Tris¢HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA) on ice using a motor-driven tissue homogenizer. The supernatant fraction was collected after centrifugation at 36,000 £ g for 15 minutes at 4 ± C. Aliquots of 50 to 75 ¹g protein were immediately assayed for NOS activity in a nal volume of 40 ¹l of reaction mixture containing reaction buffer (25 mM Tris¢HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA), 2 mM NADPH, 0.5 or 6 ¹M CaCl 2 , and 6 ¹M [ 3 H]-arginine (1 ¹Ci/¹l). Incubations were terminated after 15 minutes at 37 ± C by the addition of 400 ¹l of stop buffer (50 mM HEPES, pH 5.5, and 5 mM EDTA). The reaction samples were transferred to spin cups containing 100 ¹l of equilibrated resin and centrifuged for 30 seconds. The eluants were transferred to scintillation vials and the radioactivity was measured in a Beckman LSC 6500. The blank samples contained no protein. To determine the in vitro effect of Pb on nNOS activity, cerebellar tissue of normal rats of 35 days old was homogenized and centrifuged as described above. The NOS activity was measured in the presence of either 0.5 or 6 ¹M Ca 2C in the reaction mixture. The enzyme protein was incubated for 2 minutes with different concentrations (10, 25, 50, and 100 nM) of Pb acetate before the reaction was initiated with the substrate. The data obtained were plotted as percent inhibition of NOS activity as a function of Pb concentration.
The protein content was determined using BCA reagent. The enzyme activity was expressed as pmoles citrulline/mg protein/min. Two concentrations of Ca 2C (0.5 and 6 ¹M) were used in the reaction mixture because higher concentrations were shown to reverse the Pb effects on NOS activity (Quinn and Harris 1995) .
Western Blot Analysis
Western blot analysis of nNOS was performed as described by Matsumoto et al. (1993) . Equal amounts of protein (20 ¹g) for both hippocampal and cerebellar preparations were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred on to a polyvinylidene di uoride (PVDF) membrane. Protein transfer was done in Tris-glycine buffer (25 mM Tris/192 mM glycine, pH 8.3) containing 0.3 M NaCl, 20% methanol, and 0.3% Tween 20. The membrane was blocked with fat-free dried milk (5% w=v), and subsequently incubated with speci c nNOS antibody (1:1000). The immune complexes were detected with a horseradish peroxidase-conjugated secondary antibody against rabbit IgG using luminol chemiluminescence. Protein bands were analyzed using image scanning densitometry software Scion Image (National Institutes of Health, Bethesda, MD).
Immunohistochemistry of NOS
NOS immunohistochemistry was performed as described by Dawson et al. (1993) . Rats were perfused with 50 mM phosphate-buffered saline (PBS, pH 7.4, 4 ± C) followed by 4% paraformaldehyde (4 ± C) through cardiac catheter. Brains were removed and post xed in 4% paraformaldehyde for 2 hours. This was followed by cryoprotection in 10%, 20%, and 30% sucrose gradients. Eight-micron-thick sections were cut in a freezing Monotome (International Equipment Company). The sections were transferred to slides and xed in cold acetone for 10 minutes, air-dried, and washed in PBS followed by blocking with normal goat serum for 1 hour. The sections were then incubated overnight at 4 ± C with nNOS antibody (1:1000). This was followed by three rinses with PBS (5 minutes each) and incubation with biotinylated secondary antibody, rabbit IgG (1:500), for 45 minutes. After three additional washes in PBS, the sections were incubated with an avidin-biotin peroxidase complex for 45 minutes at room temperature. The sections were again rinsed in PBS and were developed with a substrate solution containing H 2 O 2 and diaminobenzidine in PBS for 10 minutes, rinsed in distilled water, counter stained with methyl green, rinsed in distilled water, dehydrated in ethanol series, cleared in xylene, and mounted in Permount.
FIGURE 1
Speci c activity of nNOS in the cerebellum of control ( ) and Pb-exposed ( ) developing rat brain. ( A) Activity was determined in the presence of 6 ¹M Ca 2C . (B) Activity was determined in the presence of 0.5 ¹M Ca 2C . Values represent mean § SD of four independent experiments, each performed in duplicate. ¤ Signi cantly different from controls at p < :05.
Statistical Analysis
The values shown in the graphs are mean § SE of ve different samples each assayed in duplicate. Student's t test was used to calculate whether or not the differences between control and Pb-treated samples were signi cant. A p value of less than .05 was considered signi cant and represented in the graphs by an asterisk.
RESULTS
Changes of nNOS Activity in Developing Rat Brain
Alterations in the developmental pro le of nNOS in cerebellum and hippocampus of control and Pb-exposed rats were examined. The speci c activity of nNOS showed a gradual increase from early PND 7 through late PND 35 in both cerebellum and hippocampus of control rats (Figures 1 and 2) . The cerebellum exhibited a twofold higher nNOS activity than did the hippocampus throughout the developmental period up to PND 35. However, NOS activity was decreased signi cantly at PNDs 21 and 35 in cerebellum and hippocampus of rats exposed to Pb. The decrease of nNOS was more pronounced and evident at all PNDs tested when the Ca 2C was reduced to 0.5 ¹M in the reaction mixture ( Figures 1B and 2B ) as compared to 6 ¹M Ca 2C in the reaction mixture (Figures 1 A and 2 A) .
The data in Figure 3 show in vitro effect of Pb on cerebellar nNOS activity. The data clearly indicate that the nNOS activity
FIGURE 2
Speci c activity of nNOS in the hippocampus of control ( ) and Pb-exposed ( ) developing rat brain. ( A) Activity was determined in the presence of 6 ¹M Ca 2C . (B) Activity was determined in the presence of 0.5 ¹M Ca 2C . Values represent mean § SD of four independent experiments, each performed in duplicate. ¤ Signi cantly different from control at p < :05.
FIGURE 3
In vitro effect of Pb at different concentrations on cerebellar nNOS activity in the presence of 0.5 (²---²) or 6 (n-n) ¹M Ca 2C .
was sensitive to Pb at very low concentrations. The enzyme activity was inhibited by Pb in the presence of either 0.5 or 6 ¹M Ca 2C . However, the NOS activity was much more sensitive to Pb when assayed in the presence of 0.5 ¹M Ca 2C as compared to 6 ¹M Ca 2C . The 50% inhibition values are 35 and 50 nM Pb for 0.5 and 6 ¹M Ca 2C , respectively.
Western Blot Analysis of nNOS Protein in Developing Rat Brain
Western blots and densitometric measurements of nNOS immunoreactivity in the cytosolic fractions showed higher immunoreactivity in the cerebellum as compared to the hippocampus (Figures 4 and 5) . Pb exposure signi cantly decreased nNOS levels at PNDs 21 and 35 in cerebellum, and at PND 21 in hippocampus ( Figures 4B and 5B) . The data on NOS levels from the Western blot analysis is in consonance with the changes in NOS speci c activity determined radiometrically (Figures 1 and 2) .
Immunohistochemistry of nNOS in Developing Rat Brain
In general, though the immunoreactivity of nNOS was very low in both the cerebellum and the hippocampus during early PNDs, it gradually increased through PND 35. In the hippocampus staining was most dense in the strata oriens and the radiatum at PND 35 (Figure 6e ). In the cerebellum staining was most intense in the molecular and granule cell layers, and was mostly absent in the white matter (Figure 6a, c) . Pb exposure FIGURE 4 ( A) Western blot of nNOS in the cerebellum of control and Pb-exposed developing (PND 7-35) rat brain. Equal amounts of protein (20 ¹g) of each preparation was separated by SDS-PAGE and transferred to PVDF membrane, probed with nNOS antibody, detected with horseradish peroxidase-conjugated secondary antibody against rabbit IgG and luminol chemiluminescence. Shown is a representative Western blot picture. (B) Densitometric measurements of nNOS protein bands in A. The values presented are in arbitrary units representing the density of each band. Control ( ) and Pb-exposed ( ).
at PNDs 7 to 14 did not induce noticeable changes in the immunoreactivity of nNOS in both the cerebellum and the hippocampus. However, at PND 35 a considerable decrease in the immunoreactivity of nNOS was observed in the granule cell layer of cerebellum and the strata oriens of hippocampus (Figure 6b, d, f ).
DISCUSSION
NO is predominantly produced by constitutive isoform of NOS localized in cerebellar neurons (Bredt and Snyder 1990 ;
FIGURE 5
( A) Western blot of nNOS in the hippocampus of control and Pb-exposed developing (PND 7-35) rat brain. Equal amounts of protein (20 ¹g) of each preparation was separated by SDS-PAGE and transferred to PVDF membrane, probed with nNOS antibody, detected with horseradish peroxidase-conjugated secondary antibody against rabbit IgG and luminol chemiluminescence. Shown is a representative Western blot picture. (B) Densitometric measurements of the nNOS protein bands in A. The values presented are in arbitrary units representing the density of each band. Control ( ) and Pb-exposed ( ).
Marletta 1993) and plays a neurotrophic role in brain development (Himi et al. 1996) . The higher speci c activity levels of cerebellar NOS observed in the present study is in agreement with earlier reports (Bredt et al. 1991; Matsumoto et al. 1993; Himi et al. 1996) . In the brain of normal rats, the greatest postnatal increase occurs in the cerebellum (Michaelson 1973) . Therefore, major part of the damage from Pb exposure is borne by the cerebellum. Though the present data showed a gradual increase in nNOS activity from early to late PNDs (7-35), its maximum activity was observed after a rapid neuronal growth that occurs during the rst 2 weeks after birth (Hilliard, Ramesh, and Zawia 1999) . In the present study, perinatal Pb exposure signi cantly decreased the nNOS activity in both cerebellum
FIGURE 6
Immunohistochemistry of nNOS in two different areas of cerebellum (a, b, c, d ) and hippocampus (e, f ) of control (a, c, e) and Pb-exposed (b, d, f ) rat brain . Sections are counter stained with methyl green. Immunostaining is intense in molecular layer (M) and granule cell layer (G) of cerebellum. Immunostaining is also dense in strata oriens (S) and radiatum (R) of hippocampus. The areas marked with ? show decrease in immunoreactivity in Pb-exposed cerebellum and hippocampus.
Magni cation: cerebellum, £250; hippocampus, £200.
and hippocampus throughout the postnatal developmental period of rat brain. These changes in the speci c activities of nNOS in cerebellum and hippocampus during postnatal development correlate with changes in nNOS protein levels as revealed by Western blot analysis. The data from immunohistochemical studies suggest that Pb exposure causes localized changes in nNOS immunoreactivity with a considerable decrease especially in the strata oriens of hippocampus and granule cell layer of cerebellum. Pb is known to impair cerebral growth (Nichols and McLachan 1990) and cause reductions in the ultrastructural size of hippocampus, although total brain and body weight of age-matched controls are identical (Petit, Alfano, and LeBoutillier 1983) . Lorton and Anderson (1986) have reported a number of Pb-mediated alterations, including a decrease in molecular layer width and granule cell density in cerebellum. Diminished total cerebellar cell population during Pb exposure has been attributed to the failure in cell multiplication (Michaelson 1973) . The low nNOS immunoreactivity in the granule cell layer of cerebellum suggests vulnerability of this region enriched with nNOS.
Pb has been shown to alter Ca 2C -mediated cellular events in the developing brain (Haberman, Crowell, and Janicki 1983; Bressler and Goldstein 1991) . In view of the direct effect of Pb on the nNOS protein levels in the postnatal developing cerebellum and hippocampus, it is likely that the decrease in nNOS activity could be attributed to alterations in intracellular calcium homeostasis (Quinn and Harris 1995) , decrease in extracellular glutamate required for activation of N-methyl-D-aspartate (NMDA) receptor (Garthwaite 1991) , and protein phosphorylation (Bredt, Ferris, and Snyder 1992) . The present in vitro studies are in agreement with those reported by Joshi and Desaiah (1994) and Quinn and Harris (1995) and lend support to our argument that Ca 2C concentration is critical for Pb inhibition of NOS activity. Pb at 35 nM inhibited NOS activity by 50% when assayed in the presence of 0.5 ¹M Ca 2C . Whereas, when NOS activity was assayed in the presence of 6 ¹M Ca 2C , a much higher (>50 nM) Pb was required to obtain 50% inhibition. These studies, together with our present perinatal exposure studies, demonstrate that Pb directly affects NOS and Ca 2C plays a pivotal role in Pb action. However, the lack of effect of Pb on NOS in rat brain frontal cortex (Kala, Hawkins, and Jadhav 1996) may be due to different exposure protocol and the age of the animals as compared to the protocols used in this study. Kala, Hawkins, and Jadhav (1996) exposed rats from PND 21 (weaned) for 90 days. Whereas, we used a perinatal exposure protocol from GD 6 through PND 21. The differences in the two studies may also be due to high levels of Ca 2C used by Kala, Hawkins, and Jadhav (1996) . Our current data showed that the decrease of nNOS in Pb-exposed rats was nearly doubled when the enzyme activity was assayed in the presence of 0.5 ¹M Ca 2C as compared to 6 ¹M. Kala, Hawkins, and Jadhav (1996) used 2 mM Ca 2C in the reaction mixture for in vivo studies and 25 ¹M to 2 mM for in vitro studies. Ca 2C concentration at 3 ¹M or higher was shown to reverse the effects of Pb on NOS activity (Quinn and Harris 1995) . However, some re-cent studies support our ndings, although these studies utilized adult rodents (Garcia-Arenas et al. 1999; Chen et al. 2000) .
These studies for the rst time showed perinatal exposure of rats with Pb decreases nNOS activity during the development of brain and the decrease is Ca 2C dependent. The decrease of nNOS is more pronounced at physiologically relevant concentration of Ca 2C (0.5 ¹M) as compared to higher level (6 ¹M) used normally in the reaction mixture. These ndings are relevant to the neuronal activation. For example, 0.5 ¹M Ca 2C is optimally required for neuronal activation, including the changes in several enzymes relevant to neurotransmission. Maximal activation of nNOS was also reported to be with 0.6 ¹M Ca 2C (Quinn and Harris 1995) . Our studies showed maximum decrease of nNOS activity in Pb-exposed rat brains when assayed with 0.5 ¹M Ca 2C as compared to 6 ¹M in the reaction mixture, suggesting impairment of NO-mediated neuronal processes. Because NO regulates LTP and LTD and other neurophysiological events in the developing brain, the decrease in nNOS protein levels and activities in hippocampus and cerebellum may contribute to the understanding of Pb-mediated cognitive de cits in children and Pb neurotoxicity in general (Silbergeld and Goldberg 1974; Silbergeld 1992) . Further studies are in progress to de ne in more detail the interaction between Pb and nNOS activity.
